ABSTRACT: Options to treat early-onset scoliosis include guided-growth systems with sliding action between rods and pedicle screws. The wear was previously measured in an in vitro test, and in this in vivo rabbit model, we evaluated the local and systemic biological response to the stainless steel debris. Compared to the previous study, a relatively higher volume of representative wear particles with a median particle size of 0.84 mm were generated. Bolus dosages were injected into the epidural space at L4-L5 for a minimum of 36 rabbits across three treatment groups (negative control, 1.5 mg, and 4.0 mg) and two timepoints (12 and 24 weeks). Gross pathology evaluated distant organs and the injection site with a dorsal laminectomy to examine the epidural space and dosing site. Periimplanted particle tissues were stained for immunohistochemical and quantitatively analyzed for IL-6 and TNF-a cytokines. Based on ISO 10993-6:2007 scoring, particles in the high-dose group were primarily non-irritant (12 weeks) with one slightly irritant. At 24 weeks, inflammatory cell infiltration was non-existent to minimal with all groups considered non-irritant at the injection site. Material characterization confirmed that particles detected in distant organs were stainless steel or contaminants. At 12 weeks, stainless steel groups demonstrated statistically increased amounts of cytokine levels compared to control but there was a statistical decrease for both at 24 weeks. These findings indicate that stainless steel wear debris, comparable to the expected usage from a simulated growth guidance system, had no discernible untoward biological effects locally and systemically in an animal model. ß 2018 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 36:1980Res 36: -1990Res 36: , 2018.
The severe spinal deformity of early-onset scoliosis (EOS) has been associated with trunk shortening, cardiopulmonary complications, gastrointestinal issues, and syndromic pathological conditions. 1,2 Due to these co-morbidities, EOS is considered to be a life threatening condition with higher mortality rates than adolescent idiopathic scoliosis (AIS). 3 EOS treatment options include full spinal fusion or traditional growing rods, but more specifically, guided growth systems have been developed to counter the EOS deformity without restricting growth like a fusion and without the need for frequent, device lengthening operations with traditional growing rods. [4] [5] [6] In a guided growth system, spinal growth is unrestricted with the bilateral rods sliding with respect to the screws aligned along the spine. The progression of the coronal deformity is resisted by the lateral constraint of the rods in the screws. The system is designed to correct the scoliotic apex of a curve with a limited fusion (locked section), while continued growth at the proximal and distal ends (unlocked sections) of the construct (Fig. 1) . The relative motion between the rod and screws creates an interface for debris generation. 7, 8 McCarthy et al., 7 using histological analysis of the surrounding tissues in an animal study evaluating a growth guidance system, reported wear particles at the unconstrained junction but no wear around the fused apex. Implant debris can initiate aseptic osteolysis by such mechanisms as macrophage activation in the spine. [9] [10] [11] To address such concerns, implant systems are usually assessed for both the amount and type of wear in the laboratory and the biological response to such debris in an animal model. The wear potential of a growth guidance system with stainless steel materials was previously quantified in an in vitro wear test and validated against retrieved devices.
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Compared to both articulating and fusion-based spinal instrumentation, this quantitative estimation of wear suggested lower wear rates and larger particle size but the potential of this stainless steel debris to elicit a persistent inflammatory reaction in the peri-spine area remained unknown. Based on the quantity and morphology of the in vitro wear results, we hypothesized that the local and systemic biological response to the stainless steel debris would induce short term-dose dependent inflammation in the peri-spine area without any evidence of gross pathological or effects. This hypothesis was tested by evaluating the inflammatory response of stainless steel particles in an in vivo rabbit model. The response was assessed both locally and systemically with peri-operative and post-mortem radiographic, histologic, and quantitative immunohistochemical analyses.
MATERIALS AND METHODS
This study comprised three phases to appropriately measure the potential inflammatory response of a bolus of stainless steel wear debris. First, based on the previous in vitro wear test, a relatively higher volume of representative wear particles was generated to exhibit the same particle size, morphology, and distribution expected from a growth guidance articulation. Second, an in vivo rabbit model provided in-life measures according to current standards and guidance for preclinical assessment of materials near the spinal cord. Finally, the post-mortem evaluations incorporated survey pathology, histology, and immunohistochemistry (IHC) to assess both the systemic and local effects of a debris bolus in the preclinical model.
Particle Characterization
A previous in vitro wear assessment of a simulator tested spinal growth guidance system (SHILLA TM Growth Guidance System; Medtronic Inc., Memphis, TN) provided requisite outcome measure for per subcomponent debris production during expected clinical usage. 12 It consisted of multiple stainless-steel components with flanged set screws providing attachment of the rods to the pedicle screws while allowing sliding of the rods through the screw housings (Fig. 1) . The particle characterization from this previous study provided the baseline data for a higher worst case volume of particles for the rabbit model. 12 This higher volume was generated from the 316L stainless steel bulk material in the form of a fixed angle screw (CD HORIZON 1 Spinal System, 5.0 mm Â 40 mm, Medtronic Inc., Memphis, TN) by Bioengineering Solutions, Inc. Oak Park, IL. The generated particles were characterized using low angle laser light scattering (LALLS, Microtrac-X100, Microtrac, Montgomeryville, PA) and scanning electron microscope (SEM, 3000-SN, Hitachi, Pleasanton, CA) to analyze particle size, shape, and composition (energy dispersive analysis x-ray, Oxford Inca EDX system). One limitation of the LALLS/Laser Diffraction technique is that while it is a direct measure of particle size which scatters/diffracts laser light in direct proportion to particle size that typically assess millions to billions of individual particles as they flow by the laser, it is an average of particle width and thickness and thus does not provide direct shape information, for example, aspect ratio. Thus, SEM analysis is required to completely characterize particle size and shape parameters. The average particle size (equivalent circular diameter) ranged from 0.49 to 18.5 mm with a median particle size of 0.84 mm using LALLS, whereas SEM analysis demonstrated an average size of 1.0 mm and particles to be rough irregular granular with some flakes. The average aspect ratio, roundness, form factor, and perimeter were 1.81, 0.62, 0.56, and 4.80 mm, respectively. These generated particles were comparable in average particle size, morphology, and distribution (Fig. 2) 
Study Design and Debris Dosage
The rabbit model, with thirty-nine (39) New Zealand white rabbits, was designed in accordance with previous studies of spinal implant debris reactivity that have been validated to demonstrate peri-spine osteolysis and inflammation. 10, [13] [14] [15] [16] [17] It also incorporated current FDA 18 and ISO requirements 19 for the use of rabbit models to assess epidural or peri-spinal materials. Even though the guided growth system, as implanted, does not contact the dura, this study represented a situation assuming migration of wear debris into the epidural space. The design included three treatment groups (negative control and two dosage groups), two time intervals (12 and 24 weeks), and six rabbits per dose/time interval. Thus, a minimum of thirty-six rabbits (3 Â 2 Â 6 ¼ 36) were included in this study with three in-life backups. The study protocol was approved by the Institutional Animal Care and Use Committee (IACUC) at Medtronic Physiological Research Laboratories (PRL-Minneapolis, MN) and conducted in accordance with Good Laboratory Practices (GLP). Bias was controlled by blinding the study pathologist to the identity of the samples as described below.
The animals were equally divided into three treatment groups to represent a negative control, a low-dose bolus of wear debris, and high-dose bolus of wear debris. The dose was based on the gravimetric wear estimated in the in vitro wear testing of the growth guidance system, 12 along with the assessed wear debris weight adjusted to be proportionate to the weight of a rabbit. The scaling factor was determined using 50th percentile weight of a 10-year-old boy 20 and New Zealand white rabbit. Therefore, by scaling the gravimetric wear representing 10 years of a EOS patient to the weight of a rabbit, 1.5 mg was selected to be the low dosage whereas 4.0 mg was selected as the high dosage (which included a safety factor of more than 2.5). The negative control group (Group 0) was injected with the control solution [ISOVUE-M 300-a radiopaque contrast solution]. The low-dosage group (Group (1) was injected with 1.5 mg of the 316L stainless steel test article particles (about 3 Â 10 9 particles), and the high-dosage group (Group (2) was injected with 4.0 mg of the stainless steel particles (about 9 Â 10 9 particles) (Fig. 3 ).
Epidural Injection Procedure
The rabbits were dosed with the designated mass of particulate material in solution during an anesthetized, aseptic, epidural injection procedure at the dorsal lumbar region. The dorsal lumbar region was clipped, scrubbed, and draped for an aseptic procedure. Using fluoroscopic imaging for guidance, an 18-gauge spinal needle was placed into the WEAR DEBRIS SCOLIOTIC GROWTH GUIDANCE SYSTEM epidural space at L4-L5. A small (100 mL) injection of Isovue-M 300 contrast media was injected in the epidural space to confirm the needle placement.
Injection doses were mixed by vortex in sterile glass vials with particulate material, 100 mL of Isovue-M 300 contrast media (Bracco), and 200 mL of physiologic saline. After aspiration to a syringe, the entire volume of suspension in the syringe was injected into the epidural space under fluoroscopic imaging while minimizing the time from aspiration to injection. To ensure the collection of all residual particles, the test article vial was injected again with 100 mL of Isovue-M 300 contrast media, vortex-mixed, and redelivered. After the animals had recovered, they were randomly assigned, with n ¼ 6 per treatment cohort, to the duration groups (12 or 24 weeks). The three in-life backup animals were placed into the 24 week group.
The animals were observed and cared for following facility standards with monthly weights recorded, and any abnormal clinical issues documented. Animals were sacrificed at 12 weeks or 24 weeks depending upon their duration group assignment.
Pathology Evaluation
A gross necropsy was performed with evaluation of injection site, internal organs, and body cavities, including the weights of the brain, heart, lungs, liver, spleen, thymus, sternum (bone marrow), kidneys (2), adrenal glands (2), lymph nodes, gonads (2), and pancreas. A dorsal laminectomy of the spine was performed to examine the epidural space and dosing site. All surrounding tissues with the spine, including the dorsal processes, spinal cord, adjacent muscle tissue, and vertebrae were dissected free and prepared for bony decalcification, embedding, and sectioning (Table 1 ). All were stained with hematoxylin and eosin (HE) and the spinal cord sections were also stained with luxol fast blue (LFB).
During blinded assessment, the pathology included bright field light microscopy to evaluate the presence and character of inflammation along with the presence or absence of particles, fibrosis, necrosis, macrophages, or multinucleated giant cells. A grading score for tissue changes according to severity (0-4) based on the scoring scheme in Annex E of ISO 10993, Part 6 19 was followed and later compared between the test and control groups. After removing the coverslips and applying a PdAu sputter coating, the histology slides were further assessed with scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) for subsequent visualization of the particulate and tissue and to verify the particulate material as stainless steel in the case of potential contamination. This verification was based on the chemical signature of nickel, chromium, and iron observed in the EDS plots for stainless steel.
Immunohistochemistry
Paraffin embedded epidural soft tissues were further stained for IHC and quantitatively analyzed for IL-6 and TNF-a cytokines in peri-implanted area, using standard boiling and trypsin digestion techniques for epitope retrieval. In accordance with ASTM F1904-98 21 for testing biological responses to particles, the average area of staining provided quantitative comparisons of tissue cytokine expression across the three study groups. Paraffin-embedded slides, for each of the two time periods, resulting in 39 analyzed sections were treated with antibodies for one of two serum cytokines, tumor necrosis factor-alpha (TNF-a) or interleukin-6 (IL-6) (R&D Systems, Minneapolis, MN and Santa Cruz Biotechnology, Dallas, TX) or left untreated. 22 For each cytokine (and control), three slides per tissue specimen were analyzed from five randomly selected microscope fields per slide resulting in 15 fields per tissue sample (at 400Â) (Scion Image, Scion Corporation, Frederick, MD). The relative amount of local cytokine expression was quantified by thresholding the images to 20-30% of total and calculating the total area of stained (darkened) pixels as compared to the total pixel area of the microscope images. The total stained areas were compared for each of the cytokines and groups.
Statistical Analysis
The organ weights of the brain, adrenal glands, gonads, heart, kidney, liver, spleen, and thymus were assessed using multivariate analysis of variance (MANOVA) for the groups (control, low-dosage, high-dosage) at each time (12 and 24 weeks) with significance for Wilks' test statistic at p < 0.05. The averages of the irritant ranking scores were calculated for the groups, to compare with the control and classify into four categories: Non-, slight, moderate, and severe irritant according to ISO 10993-6 as previously noted. Differences in the cytokine expression were assessed using two-tailed t-tests and significance at p < 0.05 between the tissue groups at each time point (12 and 24 weeks).
RESULTS

Peri-Operative and In-Life Results
Eighteen female rabbits (weighing from 2.5 to 2.9 kg) were used for the 12 week group on this study. Six rabbits were injected for each dose group in the lumbar region at L4-L5. Twenty-one female rabbits (weighing from 2.4 to 2.8 kg) were used for the 24 week group. Seven rabbits were injected for each dose group in the lumbar region at L4-L5.
Post-Mortem
In the control groups at 12 weeks (n ¼ 6) and at 24 weeks (n ¼ 7), no black particles were detected in any of the rabbits during the necropsy. At both 12 and 24 weeks, for all rabbits in the low (n ¼ 13) and high dose (n ¼ 13) groups, black particles were detected in the epidural space. There were no notable differences in the organ weights of test and control groups at either 12 or 24 weeks (MANOVA, p ¼ 0.399). The pathology survey did not detect any gross abnormalities in the other organs or body cavities of any of the rabbits at 12 or 24 weeks. In the epidural space, there was little to no inflammatory response, neovascularization, or fibrosis associated with the particles (Fig. 4) .
During assessment of the distant organ tissue sections, detected particles were confirmed to be stainless steel based on material characterization with SEM/EDS. Contaminant particles were also identified, indicating aluminum possibly arising from surgical or sectioning equipment (Fig. 5) . These contaminants were not included in the analysis. At 12 weeks, three low-dose rabbit and one high-dose one were found to have stainless steel particles in the brain whereas one high-dose one was found to have stainless steel particles in the brain and kidney and another highdose one with particles in brain, in a lymph node and in the spleen or subdural space. In these animals, inflammation was not observed (Table 2) in association with the detected particles found in the brain, kidney, lymph node, or spleen. The inflammatory response at injection site, measured by cell infiltration was non-existent in five rabbits (n ¼ 3 low-dose, n ¼ 2 highdose), minimal in six (n ¼ 3 low-dose, n ¼ 3 high-dose), and mild in one high-dose case. Specific to the injection site and based on the irritant rank system in ISO 10993-6:2007, 19 the control group was non-irritant in absence of inflammation, necrosis, neovasculatization, and fibrosis. The particles in the high-dose group were primarily non-irritant with one animal at 12 weeks indicating a slightly irritant reaction at the injection site (epidural space).
At 24 weeks, no stainless steel particles were detected in the tissue sections of distant organs (Table 2 ). Inflammatory cell infiltration was usually non-existent in six (n ¼ 3 low-dose; n ¼ 3 high-dose) to minimal in eight (n ¼ 4 low-dose; n ¼ 4 high-dose). All were considered non-irritant at the injection site based on the rank analysis.
IHC Results
Similar to the response observed for other metallic materials, 9, 14, 22 the cytokines (antigens) localized on macrophages produced a brown chromagen label in response to primary and secondary antibody treatment of TNF-a and IL-6. The detectable evidence of local IL-6 and TNF-a staining was observed using image analysis and light microscopy. Generally, there were statistically increased amounts of TNF-a and IL-6 observed in the rabbit tissue specimens from nonchallenged and stainless steel (SS) alloy challenged groups, where high dose SS challenged tissues demonstrated the greatest amounts of TNF-a and IL-6 staining at the early time point (12 weeks) on both a normalized and non-normalized basis. At 12 weeks, the SS challenged groups demonstrated statistically increased amounts of TNF-a and IL-6 levels when compared to control tissues (Fig. 6 ). This increased expression of IL-6 and TNF-a was also visually identifiable in the processed images of the micrographs as illustrated in selected images shown in Figure 7 . There were no significant dose dependent cytokine differences in TNF-a or IL-6 after 24 weeks. The overall expression of IL-6 and TNF-a in particletreated tissues was statistically decreased for both TNF-a and IL-6 after 24 weeks (but not 12 weeks) on both a normalized and non-normalized basis (Fig. 8) .
Tissues from non-particle treated (control tissues) showed virtually no cytokine staining for IL-6 and TNF-a as illustrated in selected images shown in Figures, 6 8, 9 , and 10.
DISCUSSION
A rabbit study was conducted to evaluate the biological effects of stainless steel wear debris for the stainless steel based growth guidance system. The local and systemic distribution of particles was assessed with three treatment groups (control and two dose groups), assessed at two time points (12 and 24 weeks), with six rabbits per dose/duration group. Histologically, the tissue response to the injected particles, in the low and high dose group, was unremarkable at 12 and 24 weeks; based on standardized scoring, these responses were characterized as non-irritant. Furthermore, at 12 and 24 weeks, in the low and high dose groups most of the stainless steel particles were found in the epidural space of the spine at the injection site indicating little systemic migration. The study did include survey pathology with additional histology to identify particle migration throughout the body. Rare occurrences of single particles in brain tissue were observed in 6 of 39 animals (15%), but with SEM/EDS, 66.6% of these were determined to be contaminants. The remaining (2 of 39; 5.1%) observations were stainless steel particles assumed to have migrated from the injection site; where they most likely gained access to this area via the cerebral spinal fluid or blood circulation (via the circumventricular organs). It is important to note WEAR DEBRIS SCOLIOTIC GROWTH GUIDANCE SYSTEM that over a billion sub-micron sized particles were injected in the epidural space of the rabbit representing the amount of particles produced in vivo by a lifetime of implant use but in this study, is delivered as a cumulative short term bolus challenge.
There is little consensus nor comprehensive in vivo studies to specify which size of particle within the phagocytosable range of debris is maximally reactive in the spine or any other orthopaedic location. There is a general consensus that an increased particle dose results in increases inflammation. [23] [24] [25] [26] Inflammation is proportional to the particle load, which is dependent on the total volume and particle size per tissue volume. 27, 28 The degree to which equal doses of slightly larger vs. smaller particles (e.g., 3.0 mm vs. 1.0 mm diameter) induce an inflammatory response on a "per particle basis" in vivo is uncertain and remains controversial. It may be misleading that several past investigations have shown that smaller particles (e.g., 0.4 mm) produce a greater inflammatory response than larger particles (e.g., 7.5mm), [28] [29] [30] because in these past studies equal mass of debris was used which generally resulted in >1,000-fold higher dose of smaller particles per cell than larger particles per cell. Thus, the >0.8 mm sized stainless steel particles used in this investigation, while not nanometer in size (<300 nm), fall into the smaller sub-micron ranges of particles that have been reported as optimally reactive 31, 32 and are in the range of TJA implant particulate debris.
Peri-spine tissues from the site of injection for all three groups of rabbits were immunohistochemically stained and quantitatively analyzed for IL-6 and TNF-a. There were statistically increased amounts of TNF-a and IL-6 immunohistochemical staining observed in tissues with particles, that is, low and high dosage stainless steel particle challenged groups at 12 and 24 weeks, where the high dose challenged tissues demonstrated the greatest amounts of TNF-a and IL-6 staining at the early time point (12 weeks).
The amount of TNF-a and IL-6 at 24 weeks demonstrated a dramatic reduction in maximal cytokine expression to near untreated control levels (<0.5% difference in overall IHC staining and >95% reduction in IHC staining from 12 to 24 weeks). Tissues from nonparticle treated (control tissues) showed virtually no cytokine activity for IL-6 and TNF-a at 12 or 24 weeks. While there was dramatic reduction in inflammation from 12 to 24 weeks there were significantly detectable amounts of subtle inflammation. These differences were apparent despite the use of paraffin embedded sections (not fresh frozen) which may reveal greater differences between groups, and is a limitation of the current study. Additionally, the random sections analyzed were in the peri-injection site area (not the entire spinal section), but were not pre-identified as having particulate burden prior to IHC. Thus, results may have indicated greater differences if tissue sections analyzed for IHC were preselected to contain particles. 
WEAR DEBRIS SCOLIOTIC GROWTH GUIDANCE SYSTEM
While this study incorporated a small animal model, it did allow for relative comparisons in controlled system with quantitative data. If these in vivo responses are extended to the clinical situation, then patients receiving the growth guidance system experience subtle and detectable inflammation to stainless steel particle release from use. Standard clinical practice is that the growth guidance system is typically removed after 5 years of use and the patient finally fused with fixed screws. This study, therefore, suggests that upon removal of the device, particle induced inflammation would decrease rapidly to nonclinically detectable levels, further suggesting minimal (if any) long term consequences of the debris produced from the medium to short term use of an articulating spinal implant. This relatively quick resolution of debris produced inflammation is presumably due to the high dissolution rates of 316 L corrosion/wear debris when compared with that of polymeric or titanium-alloy based implant debris.
Stainless steel contains nickel and chromium, while it is possible that the metal alloy growth guidance implants may produce reactivity similar to that observed in some current generation large joint implants with reports on osteolysis, fibrous tissue growth, lymphocytic infiltration, and delay type hypersensitivity responses produced from metal implant debris, the risks of this type of response are weighed against the current usage of traditional growing rods that have the certainty of extensive spine surgery every 6 months for 4-5 years resulting in 8-10 large scale pediatric spine surgeries and the associated risks.
In a retrospective clinical study with 19 growth guidance patients, and eight controls, no adverse events attributed to wear debris were reported. The mean followup time for this spinal implant series of patients was 3.86 years and mean age at index surgery was 6.1 years.
There have been many reports of local and systemic biological reactions to the wear debris observed in the large joint implants. 33, 34 With better understanding of the wear debris related adverse events, it has been found that systemic toxicity due to the cobalt metal ions, whether by the ions alone or synergistically with chromium, may contribute to the observed local and systemic reactions in large joint replacement patients. [35] [36] [37] It is important to note that SHILLA growth guidance system is made out of 316 L stainless steel which does not include cobalt.
In an animal study with a single bolus injection of stainless-steel wear debris, the particulate remained relatively concentrated in the peri-spine region with little to mild inflammatory response observed on histology. It was noteworthy that although rare, metal particles were detected in distant organs at the same magnitude as contaminant materials arising from environmental or processing factors. The pathophysiology of this remains unknown and indicates the need for further research in this area. An increased cytokine response was measured in the short-term with noticeable reduction at the longer time period. These findings indicate that stainless steel wear debris, comparable to the expected usage from a simulated growth guidance system, had no discernible untoward biological effects locally and systemically in an animal model. 
